High speed permanent magnet (PM) 
Introduction
Microturbines are small combustion turbines with typical outputs in the range of 20-500 kW. A typical system rotates over 40,000 rpm. One of the key enabling technologies for microturbines is the integral high speed electrical machines operating at the same speeds as the turbines, eliminating mechanical gearboxes. The result is a very compact high efficiency system that allows for ease of onsite installation. High speed permanent magnet ͑PM͒ machines are typically used in microturbine application due to their high power density and high efficiency characteristics. A good understanding of high speed PM machine characteristics, especially its losses, is critical to predict system performance and to ensure a reliable operation.
Losses in PM machines can be divided into three categories: ͑a͒ stator loss, ͑b͒ rotor eddy current loss, and ͑c͒ windage loss. The stator loss consists of copper loss and iron loss. The copper loss includes conventional I 2 R loss and stray load loss due to skin effect and proximity effect. This can be calculated based on finite element analysis ͑FEA͒ or using analytical methods. The stator iron loss is divided into hysteresis loss, classical eddy current loss, and excess eddy current loss. Empirical equations or time-step transient FEA with motion can be used to calculate iron loss. The rotor loss generated by induced eddy currents in the steel shaft and permanent magnets is not significant compared with a machine's total loss. However, removing the heat from the rotor to ensure reasonable operating temperatures of its components is more difficult than removing the heat from the stator. Thus, an accurate prediction of rotor loss becomes important especially at high speed. The major causes of the rotor loss are ͑a͒ space harmonics due to the existence of stator slot opening and winding distribution and ͑b͒ time harmonics of the phase currents due to pulse width modulation ͑PWM͒. The rotor loss can be analyzed using analytical methods. However, simulations using FEA based on actual measured current waveforms or estimated current with total harmonics distortion ͑THD͒ provide a more accurate assessment. The windage loss as a result of the shearing action of the media that exists between the rotor and stator may also be significant at high speed, especially with small air gap and high cooling flow pressure in the air gap between the rotor and stator.
A spin-down test can be used to verify no-load loss, especially when the rotor's inertia is large. Testing of a back-to-back configuration can verify a machine's efficiencies and total losses at various loaded conditions. The thermal analysis model result compared with measured temperature mapping can also be used to verify machine losses.
Permanent Magnet Alternator Losses
The losses in PM alternators are grouped into ͑a͒ stator loss, ͑b͒ rotor eddy current loss, and ͑c͒ windage loss.
Stator Loss.
The stator loss consists of copper loss and iron loss. Copper loss is the loss due to the current going through the armature windings. The copper loss consists of I 2 R loss and stray load loss. The I 2 R loss is given by
where m 1 is the number of phases, I is the armature current, and R is the dc armature resistance. The I 2 R loss can be significant when large current flows through the conductor with large Ohmic resistance.
The stray loss comes from ͑a͒ the skin effect resulting from the same source conductors and ͑b͒ the proximity effect resulting from the field induced from adjacent conductors sharing the same slot. The skin effect is caused by electromagnetic induction in the conducting material, which opposes the currents set up by the wave E-field. The skin depth is the distance in which an electromagnetic wave entering a conducting surface is damped and reduces in amplitude by a factor of 1 / e, where e is equal to 2.71828…. The skin depth ͑␦͒ is given by
where is the angular frequency of the current and is the electrical conductivity of the conducting material. In designing the stator winding, wire strand size is selected such that skin depth is much larger than the wire radius to minimize loss due to skin effect.
Stator windings are contained inside slots. Loss due to proximity effects of conductors located in the slots of electric machines can be estimated based on the following equation ͓1͔:
where
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and is the relative height of a conductor ͑the ratio of its height to the effective skin depth ␦ considering insulation͒. ␥ is the phase angle between the upper layer and lower layer currents for a twolayer case, m is the total number of identical conductors in layers, and kd is the average resistance coefficient, which is the ratio of effective ac resistance versus dc resistance. The copper loss is temperature dependent, so the copper loss is calculated at the expected copper temperature. The copper I 2 R loss increases when copper temperature increases due to increased winding resistance, while the copper stray load loss reduces with increased temperature. In addition to the analytical method described above, loss due to proximity and skin effects can also be simulated based on transient time-stepping FEA ͓2͔. However, this method is very time consuming especially when multiple strands are used.
Iron loss produced in a magnetic material operating in an alternating magnetizing field is generally separated into two components: hysteresis loss and eddy current loss. Hysteresis loss is due to a form of intermolecular friction when a varying magnetic field is applied to the magnetic material. The loss per cycle is proportional to the area enclosed by the hysteresis loop on the B-H characteristics of the material. The hysteresis loss increases with the maximum magnetic field, as illustrated in Fig. 1 .
The empirical formula expressing the hysteresis loss per unit volume ͑P h ͑W / m 3 ͒͒ in terms of the maximum flux density ͑B ͑T͒͒ and frequency ͑f ͑Hz͒͒ was developed by Steinmetz ͓3͔ as follows:
where is a material constant and n is an exponent, which has typical values between 1.8 and 2.2, depending on the lamination material ͓4͔.
The term "eddy current" refers to circulating electric currents that are induced in a sheet of a conducting material when it is subjected to alternating magnetic field. These eddy currents produce power that is dissipated as heat. The eddy current loss per unit volume ͑P e ͑W / m 3 ͒͒, at frequencies which are low enough for the inductive effects to be neglected, is given by the following general equation ͓3͔:
where t is the thickness of the material ͑m͒, B is the peak flux density ͑T͒, is the resistivity of the material ͑⍀ m͒, and ␤ is a coefficient that is related to the geometric structure.
Eddy current loss can also be divided into classical eddy current loss and excess eddy current loss for a more accurate analysis. Therefore, at a given frequency ͑f͒, the iron loss for electrical steel can be calculated from ͓5,6͔
where K h , K c , and K e are the coefficients of hysteresis loss, classical eddy current loss, and excess eddy current loss, respectively, and B is the peak flux density. The coefficients can be calculated using the curve fitting of the iron loss data from manufacturers or from material test data. The above equation is based on the assumption of sinusoidal excitation. When the iron core is subjected to the nonsinusoidal magnetic field, the distorted excitation, which can be represented by higher order harmonics, has to be considered ͓7,8͔. The iron loss model considering arbitrary magnetic flux waveforms can be found in Ref. ͓9͔ . The transient time-stepping finite element method is also widely used to directly simulate the core loss ͓10,11͔.
Soft magnetic materials form the magnetic circuit in an electric machine. An ideal material would have high permeability in order to reduce the reluctance of the magnetic circuit, high saturation flux density in order to minimize the volume and weight of the iron core, and low losses. However, it is impossible to optimize all of these properties in a single material. This is because there are a large number of factors that affect magnetic properties ͑chemical composition, mechanical treatment, and thermal treatment are the most important͒, and the result is often a compromise. For example, nickel steel has low iron loss but low saturation flux density, while cobalt steel has higher saturation flux density but also higher iron loss. The iron core of a machine is made up of thin laminations in order to reduce core loss. Laminations as thin as 0.127 mm are generally used in high frequency applications in order to reduce iron loss.
Besides the laminated core, there are also two alternative materials ͓12͔: ͑a͒ Amorphous metals ͑such as metglas͒, instead of their polycrystalline structure, have very low hysteresis and eddy current losses. Amorphous metals are produced by rapid cooling of alloys consisting of iron, nickel, and /or cobalt together with one or more of the following metalloids, which are elements or compounds exhibiting both metallic and nonmetallic properties: boron, silicon, and carbon. ͑b͒ Powder materials ͑such as grainoriented electrical steels͒, in spite of their rather low core permeance, may be attractive for their very high frequency applications and also on account of their effective damping of vibrations.
Rotor Loss.
The rotor loss generated by induced eddy current in the steel shaft and permanent magnets is not significant compared with the total machine loss. However, removing the heat from the rotor to ensure reasonable operating temperatures of its components is more difficult than removing the heat from the stator. Thus, an accurate prediction of rotor loss becomes important especially at high speed. The major causes of the rotor eddy current loss can be categorized into the following three groups: ͑a͒ no-load rotor eddy current loss caused by the existence of slots, ͑b͒ on-load rotor eddy current loss induced by the harmonics of windings' magnetomotive force ͑MMF͒, which is also called space harmonics, and ͑c͒ on-load rotor eddy current loss induced by the time harmonics of the phase currents due to PWM.
Loss due to eddy current, in general, can be expressed by
where is the material conductivity, E is the electric field, J is the eddy current density, and V is the volume of the material. For an accurate assessment, the rotor loss is generally simulated using a 2D FEA time-stepping transient solver with motion, in which the actual measured motor/generator current waveforms are applied. For alternators with a passive rectifier, the 2D FEA transient Transactions of the ASME solver with motion and external circuits can be used to simulate rotor loss and alternator performance. Figure 2 shows one example of eddy currents in the rotor caused by slot effect, winding space harmonics, and phase current time harmonics. There are several methods to reduce rotor eddy current losses. Reducing the slot opening and increasing the magnetic gap between rotor and stator can reduce no-load rotor loss. Increasing the number of slots per pole and using fractional winding can reduce rotor loss caused by the space harmonics of the armature winding. Increasing the switching frequency and using external line inductors can reduce rotor loss caused by time harmonics of the phase currents. Since rotor loss caused by time harmonics is dominant in most applications, increasing the switching frequency and using external line inductance to reduce current THD is a very effective way to reduce rotor loss.
Windage Loss.
Windage loss is heat generated in the fluid due to the relative motion ͑shearing͒ of the fluid that flows between the rotor and stator ͓13͔. Windage loss, depending on various gases at various operating conditions, as used in high speed machines can be very high, contributing to overall machine inefficiency. The windage loss generation is a function of shaft rotational speed and fluid properties such as temperature, pressure, density, and temperature gradients at stator and rotor walls.
The windage loss generated in the clearance between a rotating cylinder and a stationary cylinder with homogenous laminar flow ͑no axial flow͒ can be estimated from the following system of equations ͓13͔.
Shaft rotational speed:
Reynolds number:
Windage:
where N = rotational speed of rotor ͑in rpm͒, = density of fluid ͑in kg/ m 3 ͒, = kinematic viscosity of cooling media ͑in m 2 / s͒, r = radius of the rotor ͑in m͒, = radial gap between rotor and stator ͑in m͒, and = length of the rotor ͑in m͒.
Theoretical relations and experimental validation taking into account the combination of axial flow and rotational flow, in the case of cooling media passing through the gap, can be included to obtain a better estimate. Also, surface roughness of the stator tooth and rotor surface affects windage loss and must be taken into account ͓14͔.
Typical Alternator Design and Loss Calculation
The detailed loss breakdown of a 120 kW alternator is provided as an example. The cross section of the alternator is shown in Fig.  3 . Basic alternator performance parameters are shown in Table 1 . The stator core is made of 0.178 mm silicon steel, and the length is 162 mm. The alternator output is connected to a passive rectifier shown in Fig. 4 . A 2.86 ⍀ power resistor is used as an equivalent load to provide 120 kW output power.
The alternator performance was simulated using transient FEA with external circuit, and the result is summarized in Table 2 . The phase current waveforms are also plotted in Fig. 5 .
Based on Eq. ͑1͒, the copper I 2 R loss is calculated to be 1167 W. According to Eq. ͑4͒, the resistance coefficient is 1.12, so the total copper loss is 1308 W ͑including 141 W of copper stray load loss͒. The air density at 77°C is 1.009 kg/ m 3 and the viscosity is 2.075 m 2 / s. According to Eqs. ͑11͒-͑14͒, the Reynolds number ͑Re͒ is equal to 14,179, the skin friction coefficient ͑C d ͒ is equal to 4.928ϫ 10 −3 , and the windage loss is calculated to be 874 W. Based on the curve fitting of the manufacturer's data using a genetic algorithm, we get the coefficients of Eq. ͑9͒ as
According to FEA, the peak flux density is 1.45 T in the core and 1.17 T in the teeth. Therefore, according to Eq. ͑9͒, the core loss is calculated to be 945 W and teeth loss is computed to be 317 W. For rotor loss, the FEA simulation with a motor current waveform due to a passive rectifier was performed, and the rotor loss was found to be 221.9 W. The rotor loss due to current time harmonics is dominant because of high current harmonic distortions when using a passive rectifier. In summary, the losses of the high speed alternator at a rated load, excluding power electronics losses, are shown in Table 3 .
Verification of Losses
Various methods can be used to verify alternator losses and operating efficiency.
Back-to-Back Test.
For high speed machines, a back-toback test configuration is most widely used to map machine performance at various load conditions from no load to full load. In this test, two identical machines are coupled together, with one operating as a motor and the other as a generator or load. Figure 6 shows a typical back-to-back test setup.
By measuring the input power to the motor and the output power from the generator, we can measure the total losses of the system that includes both units at various load conditions. Since the two machines are identical, we can calculate the total loss for each machine without introducing significant errors by compensating for small differences in winding losses due to the different operating current in each machine. For a more accurate assessment, a torque meter ͑if available͒ can also be used to directly measure the torque between the motor and generator. The relationship between the electromagnetic torque and the inertia torque is as follows:
where T em is the electromagnetic torque, T damp is the damping torque in the direction opposite to rotation because of the friction, windage, and iron losses, T mech is the externally applied mechanical torque in the direction of the rotor speed, and J is the rotor inertia.
A spin-down test is a method to measure the damping torque. When the motor is free spinning without externally applied mechanical torque and electromagnetic torque, Eq. ͑18͒ becomes
Therefore, the motor losses can be calculated as
By measuring the initial speed versus time duration of the rotor from the initial speed to fully stop, the power loss can be calculated. When performing the spin-down test, any armature electrical loops should be disconnected to ensure that the motor is spinning down freely without any braking effect. If there is output power during the spin-down test, this power has to be considered in the calculation. As an example, Fig. 7 shows the measured spin-down time versus rotor speed for a magnetic bearing supported high speed PM machine. The machine also produced output power of 140 W at 36,000 rpm, and 60 W at 8000 rpm during spin-down. The inertia of the entire rotating assembly is 0.68 kg m 2 . Figure 8 shows the calculated total no-load loss versus rotor speed according to Eq. ͑20͒. The copper loss can be ignored in the calculation due to the very low output power.
Temperature Mapping and Correlation With Thermal
Model. In this technique, the machine is well instrumented throughout with temperature sensors such as thermocouples or thermistors. Temperature measurements are then made for various operating conditions with different loads and speeds. A finite difference thermal model of the machine is also constructed with calculated losses assigned for various components of the machine. Figure 9 shows a typical machine thermal model.
By adjusting losses in the thermal model so that predicted temperatures match the measured results for various operating conditions, we can estimate roughly different loss components of the machine. The validity of this technique depends significantly on the accuracy of the thermal model. Therefore this technique is often used as a secondary check.
Conclusion
High speed PM machines possess many desirable attributes that make them attractive for direct drive applications such as microturbines. In this paper, we describe the losses in high speed PM machines in detail. A typical PM machine designed for microturbine application is presented, and various verification methods are discussed. An accurate assessment of a machine's losses is critical in doing system design tradeoffs as well as in predicting system performance and ensuring a safe and reliable system operation. 
